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The extracellular signals and corresponding receptors that align the mitotic spindle of symmetrically dividing
cells within an epithelial sheet are largely unknown. In this issue ofDevelopmental Cell, Xia et al. (2015) identify
semaphorin-plexin signaling as a regulator of spindle orientation critical for kidney development and repair.Although studies on the orientation of
cell division within multicellular organisms
have been carried out for over a century,
very little is known about the intercellular
signaling that leads to normal division
orientation. In 1884, Hertwig utilized me-
chanical forces on sea urchin embryos
to alter cell shape in order to establish
that mitotic spindle orientation was res-
ponsive to extrinsic factors such as me-
chanical force (Hertwig, 1884). Since
then, much attention has focused on the
cell-intrinsic determinants of spindle posi-
tioning; but, with the exception of Wnt/
planar cell polarity signaling and the role
of a few adhesion molecules such as cad-
herins, we still only poorly understand
how cell-cell communication leads to co-
ordinated and correct cell division orien-
tation during development (Werts and
Goldstein, 2011; Morin and Bellaı¨che,
2011). Xia et al. (2015) now identify in
this issue of Developmental Cell the sem-
aphorin-plexin cell-cell signaling system
as an extrinsic regulator of spindle orien-
tation required not only for normal kidney
development but also for repair from
injury.
Semaphorins are a large family of
secreted and membrane-bound proteins
that were first identified as axon guid-
ance factors but have since been shown
to play key roles in many develop-
mental processes outside the nervous
system, such as angiogenesis, immune
responses, and organogenesis (Jong-
bloets and Pasterkamp, 2014). Most of
the effects of semaphorins are mediated
by plexins, a family of transmembrane
proteins that serve as receptors for sema-phorins. Activation of plexins by their
semaphorin ligands triggers several intra-
cellular signaling cascades,most of which
modulate the activity of small GTPases,
including R-Ras, M-Ras, and Rap1.
Deactivation of these small GTPases is
mediated by a GTPase-activating protein
(GAP) homology intracellular domain
shared by all plexins. Of note, plexins of
the B-subfamily are unique in that they
carry a C-terminal PDZ domain that,
through interaction with Rho guanine
nucleotide exchange factor (RhoGEF)
proteins, can activate RhoA and RhoC
(Jongbloets and Pasterkamp, 2014).
Although the critical requirement for
semaphorin-plexin signaling in organo-
genesis has been documented, how this
cell-cell communication system regulates
morphogenesis is still poorly understood.
Based on the high expression of Plexin-
B2 in the kidney and its basolateral
expression in Madin-Darby canine kidney
(MDCK) cells, Xia and colleagues exam-
ined the role of Plexin-B2 in kidney
morphogenesis. Silencing of Plexin-B2
led to MDCK cyst disorganization in
vitro, and, although conditional inactiva-
tion in the mouse of Plexin-B2 in renal
tubular epithelial cells (TECs) did not
show any phenotype, concomitant loss
of the closely related Plexin-B1 led to
foci of multilayered tubules. To test
whether Plexin-B2 may be involved in
tissue repair in the kidney, the authors
utilized the well-characterized ischemia-
reperfusion (I/R) injury model, which in-
duces extremely high rates of proliferation
in the TECs that survive injury and rees-
tablish kidney cell number and function.Developmental CeIn contrast to the full restoration of tubular
morphology observed in control mice,
Plexin-B2-deficient TECs exit the epithe-
lial plane and intrude into the lumen,
causing multilayering, tubular occlusion,
and an eventual catastrophic loss of
kidney function.
Why does loss of Plexin-B2 result in
multilayering? Using the 3D MDCK sys-
tem, the authors showed that silencing
of Plexin-B2 shifted the axis of cell
division toward angles perpendicular to
the plane of the cyst surface. Because
a block of cell division could rescue
the morphological defects of Plexin-B2-
depleted MDCK cysts, Xia et al. conclude
that aberrant spindle positioning with
concomitant division into the lumen
caused the multilayering defect. Consis-
tently, analysis of spindle orientation
in vivo immediately following ischemic
injury showed that while control cells
divided within the epithelial plane, the
mitotic spindle angle of Plexin-B2-defi-
cient renal cells was altered toward
perpendicular divisions, despite relatively
normal tissue architecture at these early
stages of repair. Together, these data
indicate that Plexin-B2 regulates mitotic
spindle positioning.
Plexin-B2 is known to preferentially
bind to multiple members of the Sema4
family of semaphorins (Jongbloets and
Pasterkamp, 2014). In another impressive
set of mouse genetic crosses, the authors
show that Sema-4 family members are
highly redundant in the I/R injury model,
with the loss of not one, not two, but three
semaphorins (a triple-knockout mouse
lacking Sema4B, Sema4D, and Sema4G)ll 33, May 4, 2015 ª2015 Elsevier Inc. 243
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Figure 1. Semaphorin-Plexin Signaling and Spindle Orientation
Semaphorin-plexin signaling orients the spindle during kidney development and repair. In the absence of
Plexin-B1 and -B2 or corresponding Semaphorin ligands 4B/4D/4G, renal tubular epithelial cells fail to
properly orient the cell-division axis, resulting in a multilayered epithelium and associated kidney defects.
Mechanistically, the Plexin-B2 GAP domain activates a known regulator of spindle orientation, Cdc42, via
the Ras isoform Ras-1.
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multilayered tubular epithelium observed
in Plexin-B2 null mice. Thus Sema4B,
Sema4D, and Sema4G work together to
activate Plexin-B2 and align the mitotic
spindle with the plane of the epithelium.
To determine which Plexin-B2-medi-
ated signaling pathways are required for
correct orientation of cell division, the
authors employed an elegant approach,
using an allelic series of transgenic mice
(Worzfeld et al., 2014). In these mice,
endogenous Plexin-B2 expression is re-
placed by BAC-driven transgenic Plexin-
B2 versions that carry intracellular domain
mutations that block various downstream
effector pathways (Worzfeld et al., 2014).
Using these mutants in the I/R injury
model, the authors show that RhoA
activation by Plexin-B2 is dispensable
for mitotic spindle orientation, but the
Plexin-B2 GAP domain is required.
Because silencing of Cdc42 in MDCK
cells results in a similar phenotype as
silencing of Plexin-B2, the authors hy-
pothesized that Plexin-B2 orients the
mitotic spindle by controlling Cdc42 ac-
tivity. Indeed, Cdc42 activity was dra-
matically reduced in Plexin-B2-depleted
MDCK cysts and in Plexin-B2 knockout
TECs in vivo. Furthermore, following I/R
injury, conditional deletion of Cdc42 in244 Developmental Cell 33, May 4, 2015 ª20the kidney phenocopied mice lacking
Plexin-B2 or mutant for Plexin-B2 GAP
domain. Finally, reconstitution of Cdc42
activity through expression of constitu-
tively activated R-Ras (but not Rap1)
or constitutively active Cdc42 itself
rescued the defects in MDCK cyst for-
mation, as well as spindle orientation de-
fects induced by Plexin-B2 depletion.
Together, these data point to a Sema-4/
Plexin-B2/R-Ras/Cdc42 pathway that
controls cell division axis in developing
renal tubes and in repair following injury
(Figure 1).
Xia and colleagues thus provide in-
sights into the extracellular cues and
receptor systems that control cell divi-
sion orientation in a developing tissue
(Figure 1). They also demonstrate that
correct alignment of the mitotic spindle
axis is essential for epithelial repair pro-
cesses. Whether this is a general property
of semaphorin-plexin signaling remains to
be determined. In support of this, secre-
tion of Sema3B was recently shown to
instructively orient the division of a popu-
lation of neuroepithelial cells in the verte-
brate spinal cord (Arbeille et al., 2015),
although in this case, Sema3B likely
exerts a direct effect on division orienta-
tion through a Neuropilin-GSK3-CRMP2
pathway to modulate the function of the15 Elsevier Inc.microtubules anchoring the mitotic spin-
dle. Similarly, it will be of interest to
examine how Sema4-Plexin-B2 signaling
interacts with the cell-intrinsic spindle
orientation machinery. With Cdc42 being
implicated downstream of Plexin-B2,
Cdc42 regulation of LGN/mPins through
aPKC activity is one possibility (Morin
and Bellaı¨che, 2011). In this regard, the
MDCK 3D organoid system provides a
beautiful entry point and may help resolve
whether Plexin-B2 provides an instructive
cue (i.e., whether its correct position
on kidney cells is essential for instructing
spindle position), as was shown for
Sema3B in the CNS, or is simply permis-
sive for mitotic spindle orientation.
Finally, could the aberrant spindle
positioning and resultant multilayering
observed following inactivation of B-type
Plexins or Sema4 family members con-
tribute to neoplasia? Indeed, Sema4 fam-
ily members (in particular Sema-4D) and
Plexin-B1 have been shown to modulate
tumor growth and metastasis (Tamag-
none, 2012). Adding more complexity,
B-type plexins can also signal through
their extracellular domain to regulate
ErbB2 and other receptor tyrosine ki-
nases (Jongbloets and Pasterkamp,
2014). Thus, the contribution of the
interaction between these mitogenic sig-
naling pathways with semaphorin-plexin
signaling in development and disease
is likely complex and remains to be
determined.
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